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REGENERABLE ANTIMICROBIAL POLYMERS AND FIBERS 

WITH OXYGEN BLEACHES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims priority to U.S. Patent Application No. 60/415,482, filed 

5 October 1 , 2002, the teachings of which are hereby incorporated by reference in its 

entirety for all purposes. 

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER 
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT 

10 [0002] The research carried out in this application was supported in part by a grant 

from the National Science Foundation (NSF #DMI 9733981). The government may have 

certain rights in any patent issuing from this application. 

BACKGROUND OF THE INVENTION 
1 5 [0003] Antimicrobial materials such as fabrics, fibers, polymers and even children's 
toys have become increasingly popular due to public concerns over epidemiological 
diseases and pathogens. With respect to antimicrobial fabrics, domestic and international 
markets have grown significantly as a result of public awareness of these potential threats 
(see, Center for Disease Control and Prevention, Infection Control and Biosafety, Medical 
20 Data International Report #ftP-701530, 1992; and A.J. Rigby, et aL, Fiber Horizons, 
December 1993, 42-460). Antimicrobial clothing can be used in medicine as well as 
other institutional uses for such applications as, surgeon's gowns, caps, masks, patient 
drapes, bandages, wipers and cover cloths of various sizes. 

[0004] Although the demand for antimicrobial fibers is high, few of such fibers are 
25 available, especially ones that are effective against a broad spectrum of bacteria and, 

which are effective after multiple machine washes. Research and development of durable 
functional fibers has been active in recent years, with new methods of incorporating 
antibiotics as bactericidal agents into polymers being advanced. 
[0005] There are two major pathways to chemically achieve durable antibacterial 
30 effects. In one pathway, the slow-releasing of biocides through contact with the 

processed fabrics is employed. In this pathway, a pathway widely used around the world, 
sufficient chemical agents are impregnated onto the fibers by either chemical or physical 
methods. Thereafter, the biocides are slowly released from the processed fabrics into the 
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media, thereby contacting and inhibiting the growth of microorganisms. Unfortunately, 
such chemical agents can be washed away easily if they are not covalently impregnated 
onto the surface of the fabrics. Moreover, the antibacterial functions are non-regenerable. 
[0006] In the second pathway, a more innovative technology is employed which 
5 involves chemical modification of fibers with biocidal or potential biocidal compounds, 
wherein the antibacterial properties of such compounds are regenerable with a simple 
washing. The potential antibacterial groups can be rendered biocidal after washing with 
certain common chemicals, such as diluted bleaching solutions. U.S. Patent No. 
5,882,357, filed September 13, 1996, describes durable and regenerable cellulose 

10 materials by using an innovative chemical finishing method. In that invention, treatment 
of cotton and polyester/cotton fabrics were finished by hydantoin derivatives, and 
biocidal properties were conferred by washing the treated fabrics with a chlorine laundry 
bleach. Chlorination of amide and imide bonds in hydantoin rings produce biocidal N- 
halamine sites. The N-halamine return to their precursor forms when the sites are 

1 5 exposed to microorganisms. The biocidal properties of the fibers can then be regenerated 
by using chlorine bleach. The major advantages of this chlorine regenerable finishing 
method are its durability, convenience and economy. 

[0007} TV-halamine chemistry, however, is not applicable to colorized fabrics. The use 
of chlorine bleach decolorizes fibers. Thus, a non-bleach regenerating agent would be 

20 desirable for certain applications, especially for colored materials. 

[0008] In view of the foregoing, there exists a need in the art for durable and 
regenerable microbiocidal fibers that do not pose environmental concerns and are not 
limited to white fabrics. The present invention remedies such need by providing, inter 
alia, environmentally friendly, durable and regenerable microbiocidal colored fibers. 

25 Peroxycarboxylic acids have been applied on natural materials, and materials derived 
from natural materials. These compounds are soluble in water, so an aqueous finishing 
process is adopted. The chemicals were padded on fabrics, and then dried and cured at 
elevated temperatures. The biocidal properties of finished fibers have been evaluated 
against bacteria such as Escherichia coli. and Staphylococcus aureus. 

30 

SUMMARY OF THE INVENTION 
[0009] The present invention provides, inter alia, durable and regenerable microbiocidal 
fibers and methods for preparing same. Such fibers can be readily prepared using a wet 
finishing process to covalently attach a peroxycarboxylic acid functional group to a 
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cellulose based material or other polymeric material. Once prepared, the fibers of the 
present invention have a broad spectrum of biocidal activity against pathogenic 
microorganisms. Moreover, the biocidal activity of such fibers can be regenerated by 
way of peroxy compounds. 
5 [0010] In one embodiment, the invention provides a fiber composition, the fiber 
composition comprising: a fiber; and a peroxycarboxylic acid functional group 
covalently attached to the fiber. 

[0011] In one aspect, the fiber is cellulosic, cellulosic-polyester, or polyester material. In 
another aspect the cellulosic material is cotton or a cotton-polyester blend. In certain 

10 aspects, the peroxycarboxylic acid functional group is derived from an organic acid such 
as a monocarboxylic acid. In one preferred embodiment, the organic acid has at least 
two carboxyl groups, such as a tetracarboxylic acid, a tricarboxylic acid or a dicarboxylic 
acid. In another aspect, the organic acid is a butane tetraacetic acid or citric acid. In 
another aspect, the peroxycarboxylic acid functional group is derived from a polymer 

1 5 having a carboxylic acid function, such as at least two carboxylic acid functions. In 

another aspect, the peroxycarboxylic acid function group is at least two peroxycarboxylic 
acid functional groups. 

[0012] In yet another embodiment, the present invention provides a process for 
preparing an antimicrobial fiber, the process comprising: (a) immersing a fiber in an 
20 aqueous treating solution comprising an organic acid having at least two carboxylic acid 
functions; and (b) treating the fiber with an oxidizing agent to produce a percarboxylic 
acid function, thereby preparing an antimicrobial fiber. 

[0013] In one aspect, the aqueous treating solution further comprises a catalyst, such as 
an acid catalyst {e.g., sulfuric acid, methanesulfonic acid, sulfonic acid, or the like). In 

25 another aspect, the catalyst is an ion-exchange resin. In yet another aspect, the catalyst is 
sodium hydroxide or potassium hydroxide. In another aspect, the organic acid is butane 
tetraacetic acid or citric acid. In still another aspect, the process further comprises 
removing any excess treating solution from the fiber prior to treating the fiber with an 
oxidizing agent. In one aspect, the oxidizing agent is an aqueous solution of hydrogen 

30 peroxide. A suitable hydrogen peroxide solution is about 0.5% to about 30% by weight. 
In another aspect, the oxidizing agent is an oxygen bleach, such as hydrogen peroxide or 
sodium perborate. 
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[0014] In still another aspect, the fiber is an article, such as a surgeon's gown, a cap, a 
mask, a surgical cover, a patient drape, a carpeting, a bedding material, an underwear, a 
sock, a bandage, a pad, a sheet or a uniform. 

[0015] In another aspect, the fiber is cellulosic material, such as cotton, rayon, tencel, 
5 flax, hemp, or blends of fibers with polyester or nylon. In another aspect, the fiber is 
chitosan or a chitin material. In another aspect, the antimicrobial activity is regenerable. 
[0016] There are a myriad of applications areas for the microbiocidal fibers of the 
present invention. For instance, the microbiocidal fibers can provide biocidal protective 
clothing to personnel in the medical area as well as in the related healthcare and hygiene 

10 area. In contrast to previously used fibers, the fibers of the present invention are not a 

barrier to microorganisms, but rather a disinfectant to them. As such, the regenerable and 
reusable biocidal materials can replace currently used disposable, nonwoven fabrics as 
medical fibers, thereby significantly reducing hospital maintenance costs and disposal 
fees. The microbiocidal properties of the fibers of the present invention can be 

15 advantageously used for women's wear, underwear, socks, and other hygienic purposes. 
In addition, the microbiocidal properties can be imparted to carpeting materials to create 
odor- free and germ-free carpets. Moreover, all germ-free environments, such as required 
in biotechnology and pharmaceutical industry, can benefit from the use of the 
microbiocidal fibers of the present invention to prevent any contamination from air, 

20 liquid, and solid media. 

[0017] Other features, objects and advantages of the invention and its preferred 
embodiments will become apparent from the detailed description and figures which 
follow. 

25 DESCRIPTION OF THE DRAWINGS 

[0018] Figure 1 illustrates the effects of bleaching conditions on the percentage 
available oxygen of 6% BTCA-treated cotton. 

[0019] Figure 2 illustrates the biocidal efficacy of 6% BTCA cotton treated with 
various hydrogen peroxide concentrations at 60°C. 
30 [0020] Figure 3 illustrates the FT-IR spectra of cotton treated with 6% BTCA and (a) 
not bleached; (b) 3% hydrogen peroxide at 45°C, 10 min.; (c) 3% hydrogen peroxide at 
45°C, 30 min.; (d) 3% hydrogen peroxide at 60°C, 10 min.; (e) 3% hydrogen peroxide at 
60°C, 30 min.; and (f) 5% hydrogen peroxide at 45°C, 30 min. 
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[0021] Figure 4 illustrates the percentage available oxygen and relative biocidal 
efficacy of 6% BTCA cotton at 60°C, 90 min. 
[0022] Figure 5 illustrates the formula of perborate. 

[0023] Figure 6 illustrates the effect of treatment condition on the percentage available 
5 oxygen of 6% BTCA cotton modified with SPB. 

[0024] Figure 7 illustrates the effect of treatment time on the percentage available 
oxygen of 6% BTCA cotton modified with SPB at 45°C. 

[0025] Figure 8 illustrates the effect of treatment time on the percentage available 
oxygen of 6% BTCA cotton modified with SPB at 60°C. 
10 [0026] Figure 9 illustrates the effect of various surfactants on the percentage available 
oxygen of 6% BTCA cotton modified with SPB at 60°C, 10 min. 

[0027] Figure 10 illustrates the biocidal efficacy of 6% BTCA cotton treated with SPB 
at 10 min. 

[0028] Figure 1 1 illustrates the biocidal efficacy of 6% BTCA cotton treated with SPB 
15 at60°C. 

[0029] Figure 12 illustrates the biocidal efficacy of 6% BTCA cotton treated with SPB 
at 45°C. 

[0030] Figure 13 illustrates the biocidal properties of modified cellulose with SPB over 
periods of storage time. 
20 [0031] Figure 14 illustrates the effect of laundering on the biocidal efficacy of 6% 
BTCA cotton treated with 10% SPB at 45°C, 30 min. 

[0032] Figure 15 illustrates the effect of laundering and rebleaching on the biocidal 
efficacy of 6% BTCA cotton treated with SPB at 45°C, 30 min. 
[0033] Figure 16 illustrates the effect of sterilization on the biocidal efficacy of 6% 
25 BTCA cotton treated with 5% SPB at 45°C, 30 min. 

[0034] Figure 17 illustrates the effect of sterilization on the biocidal efficacy of 6% 
BTCA cotton treated with 10% SPB at 45 °C, 30 min. 

[0035] Figure 18 illustrates the FT-ER spectra of 6% BTCA-cotton treated with (a) 6% 
BTCA, (b) 3% SPB, (c) 5% SPB and (d) 10% SPB at 45°C, 10 min. 
30 [0036] Figure 19 illustrates the FT-IR spectra of 6% BTCA-cotton treated with (a) 6% 
BTCA only, (b) 3% SPB, (c) 5% SPB, and (d) 10% SPB at 60°C, 10 min. 
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[0037] Figure 20 illustrates the FT-IR spectra of 6% BTCA-cotton treated with (a) 6% 
BTCA only, (b) 10% SPB, 0 wash, (c) 1 wash, (d) 2 washes, (e) 3 washes, (f) 4 washes at 
45°C, 30 min. and sterilized. 

[0038] Figure 21 illustrates the FT-IR spectra of 6% BTCA-cotton treated with (a) 6% 
5 BTCA only, (b) 10% SPB, 0 wash, (c) 1 wash, (d) 2 washes, (e) 3 washes, (f) 4 washes at 
45°C, 30 min., not sterilized. 

[0039] Figure 22 illustrates the FT-IR spectra of 6% BTCA-cotton treated with (a) 6% 
BTCA only, (b) 3% SPB, and (c) 3% H 2 0 2 at 60°C, 10 min. 

[0040] Figure 23 illustrates the percentage available oxygen and relative biocidal 
10 efficacy of 6% BTCA cotton treated with SPB at 45°C, 10 min. 

[0041] Figure 24 illustrates the percentage available oxygen and relative biocidal 
efficacy of 6% BTCA cotton treated with SPB at 65°C, 10 min. 

DETAILED DESCRIPTION OF THE INVENTION 
15 I. Definitions 

[0042] The terms "antimicrobial," "microbicidal," or "biocidal" as used herein, refer to 
the ability to kill at least some types of microorganisms, or to inhibit the growth or 
reproduction of at least some types of microorganisms. The fibers prepared in accordance 
with the present invention have microbicidal activity (antimicrobial) against a broad 
20 spectrum of pathogenic microorganisms. For example, the fibers have microbicidal 

activity against representative gram-positive (such as Staphylococcus aureus) and gram- 
negative bacteria (such as Escherichia coli). Moreover, the microbicidal activity of such 
fibers is readily regenerable. 

[0043] "Polycarboxylic acid" as used herein, refers to an acid containing two or more 
25 carboxylic acid groups, all adjacent to each other along the back bone of the molecule. It 
includes salts and esters of carboxylic acids as well. 

[0044] Polycarboxylic acids suitable for use in the present invention include 1,2,3,4- 
butanetetracarboxylic acid (BTCA), citric acid (CA) and polymaleic acid (PMA). 
[0045] The polycarboxylic acids used in the present invention are commercially 
30 available from a number of different sources. For instance, BTCA is commercially 

available from Fisher Scientific, Pittsburgh, PA or VWR Scientific, South Plainfield, NJ. 
[0046] "Peroxyacid," as used herein, refers to an acid derived from hydrogen peroxide 
by the replacement of one hydrogen atom: substitution by a R group in the case of an 
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organic peroxyacid such as peracetic acid to form R-C(0)-0-OH. In fiber bleaching, 
similar to hydrogen peroxide, the reactivity of peroxyacid is located at the peroxidic (-O- 
O-) bond. By replacing one of the hydrogen atoms of hydrogen peroxide with an electron 
attracting substituent as R, it will lead to a dissymmetrical repartition of the electron 
5 charge 5 + and 5' in the peroxidic bond. Peroxyacids can act as electrophilic reagents 
whereas this reactivity does not exist with hydrogen peroxide. On the other hand, 
peroxyacids can also act as nucleophilic reagents in the same manner as hydrogen 
peroxide. 

[0047] As used herein "peroxycarboxylic acid functional group" refers to the product of 
10 a carboxylic acid such as a polycarboxylic acid, reacted with a peroxide moiety. A 
peroxycarboxylic acid functional group is one type of peroxyacid moiety. A 
peroxycarboxylic acid functional group is also derivable from a monocarboxylic acid 
group. 

[0048] As used herein, "wetting agent" refers to a substance that increases the rate at 
15 which a liquid spreads across a surface, i.e., it renders a surface nonrepellent to a liquid. 
Examples of suitable wetting agents include, but are not limited to, Triton X-100 (Sigma 
Chemical Co., St. Louis, MO), SEQUAWET® (Sequal Chemical Inc., Chester, SC), and 
AM WET® (American Emulsions Co., Dalton, GA). Other wetting agents suitable for 
use in the present invention will be known to and used by those of skill in the art. 
20 [0049] As used herein, "catalyst" refers to a substance which augments the rate of a 

chemical reaction without itself being consumed. Suitable catalysts for use in the present 
invention include, but are not limited to, the following: sulfuric acid, methanesulfonic 
acid, sulfonic acid and an ion-exchange resin. 

25 II. Fibers 

[0050] The present invention provides a fibrous composition, the composition 
comprising: a fiber; and a peroxycarboxylic acid functional group covalently attached to 
the fiber. 

[0051] Fibers are among the most ubiquitous materials in society. The fibers suitable 
30 for the present invention include, but are not limited to, naturally occurring fibers from 
plants, such as cellulose, cotton, linen, hemp, jute and ramie. They include polymers 
from animals, based upon proteins and include, but are not limited to, wool, mohair, 
vicuna, chitin, chitosan and silk. Fibers also include manufactured fibers based upon 
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natural organic polymers such as rayon, lyocell, acetate triacetate and azlon. Fibers 
suitable for use in the present invention include synthetic organic polymers which 
include, but are not limited to, acrylic, aramid, nylon, olefin, polyester, spandex, vinyon, 
vinyl and graphite. Fibers also include inorganic substances such as glass, metallic and 
5 ceramic. 

[0052] The polymeric plastics suitable for the present invention include thermoplastic 
or thermosetting resins. The thermoplastics include, but are not limited to, polyethylene, 
polypropylene, polystyrene, and polyvinylchloride. Thermoplastics also include, 
polyamideimide, polyethersulfone, polyarylsulfone, polyetherimide, polyarylate, 
1 0 polysulfone, polycarbonate and polystyrene. 

[0053] Additional polymers include, but are not limited to, celluphan, carboxymethyl 
cellulose, starch, polyetherketone, polyetheretherketone, polytetrafluoroethylene, nylon- 
6,6, nylon-6,12, nylon- 1 1, nylon-12, acetal resin, polypropylene, and high and low 
density polyethylene. 

1 5 [0054] Various fibers are preferred to practice the invention. These include, but are not 
limited to, a fiber, a yarn or a natural or synthetic fabric. Various fabrics include, but are 
not limited to, a nylon fabric, a polyester, an acrylic fabric, NOMEX®, a triacetate, an 
acetate, a cotton, a wool and mixtures thereof. NOMEX is made of an aromatic 
polyamide material and is available from DuPont (Wilmington, Del.). 

20 [0055] Chitosan is a natural product derived from chitin, a polysaccharide found in the 
exoskeleton of shellfish such as shrimp or crabs. Chitosan has been effectively used to 
treat acne due to its ability to inhibit certain bacteria which cause the inflammation 
associated with acne. In addition, chitosan has exhibited the ability to kill Candida in 
clinical tests involving mice due to its effect on protease action. Chitosan can reduce the 

25 amount of bacterial translocation that can occur after a bum injury. Furthermore, 

chitosan also demonstrated that it has the ability to kill certain viruses. When used in the 
present invention, chitosan is effective as a wound healing agent. The biocidal chitosan 
can be used to treat wounds from bums, lacerations, cuts and bruises. 

30 III. Peroxide and Peroxyacid 

[0056] A popular alternative to replace or minimize the use of chlorine bleach are 
totally chlorine-free bleaching sequences known as TCF. One class of chemical 
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bleaching agents commonly used in TCF is hydrogen peroxide and related peroxygen 
compounds. This class of bleaching agents is also referred to as oxidative bleaching 
agents or peroxygen bleaches. Oxidative bleaching agents eliminate the environmental 
concerns associated with chlorine bleaches and are unlimited for use on colored or non- 
5 colored fabrics. 

[0057] Currently, hydrogen peroxide and related peroxy compounds are the most 
widely used class of bleaching agents in the United States. Since TCF systems were 
introduced, bleaching with hydrogen peroxide has become a well-established process 
(Mathews 1999). However, optimized bleaching is often not fully achieved nor 

10 understood due to difficulties in the processing and stabilization of the active oxygen 
species. Consequently, vast efforts have been made to improve the efficiency of TCF 
sequences by expanding the use of peroxy compounds such as peroxyacids. 
[0058] Peroxyacids are frequently used as oxidizing agents because the perhydroxyl 
group in peroxyacids contains an electrophilic oxygen. In organic synthesis, these 

15 compounds can react, for example, with alkenes, by adding this oxygen to the double 

bond to form oxacyclopropropane through epoxidation; the other product of the reaction 
is a carboxylic acid. 

[0059] The oxidative potential and related biocidal activity of peroxyacids is 
particularly desirable if imparted onto fibrous materials for use in antimicrobial 
20 applications. To develop an in situ finishing that offers such function on fibers, a primary 
finishing on the material similar to the function of N-methylol compounds is first 
incorporated. This allows for further modification of the incorporated structure into the 
desired peroxyacid form. One group of functionality for such primary finishing is a non- 
formaldehyde releasing durable press agents, polycarboxylic acids. 

25 

IV. Polycarboxylic Acids 

[0060] Suitable polycarboxylic acids for the present invention include, but are not 
limited to, 1,2,3,4-butanetetracarboxylic acid (BTCA), citric acid (CA), maleic acid (MA) 
and polymaleic acid (PMA). 

30 
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Scheme I 

[0061] In certain aspects, the polycarboxylic acids contain two or more carboxylic acid 

10 groups, preferably adjacent to each other along the backbone of the molecule. In certain 
aspects, these acids react with cellulose hydroxyl groups to form ester-type crosslinks, 
connecting adjacent cellulose chains in a three-dimensional network inside, for example, 
cotton fibers. The crosslinking mechanism of polycarboxylic acids involves the 
formation of anhydride intermediates from adjacent carboxyls, resulting in the 

15 esterification with hydroxyls groups on, for example, cellulose. 

[0062] In the case of BTCA, it has four carboxylic acid groups, which are adjacent to 
each other along the backbone of the molecule. In this aspect, the crosslinking 
mechanism involves the formation of a five-member cyclic anhydride intermediate from 
adjacent carboxyl groups. BTCA has the ability to form these anhydrides with several 

20 configurations, all of which result in at least two ester crosslinks with hydroxyl- 

containing molecules like, for example, cellulose. Without being bound by a particular 
theory, it is believed there are two possible configurations for the first reaction crosslink: 
the 1 -position, which involves a terminal carboxyl group, whereas at the 2 -position, it can 
react with one of the two internal carboxyl groups. It is believed that the product from the 

25 1 -position is able to form a second or even a third crosslink (Scheme 2). 

[0063] In certain aspects, when BTCA forms a triplicate esterified-crosslink, there is at 
least one remaining carboxylic acid on the incorporated BTCA molecule. Due to its 
reactivity, the one or more remaining carboxyl group can undergo further modification to 
achieve other desired properties on the treated fibers (e.g., cotton). 

30 



10 



heat 



H 2 C~ C0 2 H 

HC— C0 2 H 

HC— C0 2 H cataylst 
H 2 C— C0 2 H 



H2C-< H 2 (p-C^O-CELL 
HC-Q^° cell - OH^ HC-COOH heat % 
HC— COOH HCp — COOH cataylst 

HzC— COOH H 2 C— COOH 



H 2 C-C— O-CELL 



HC-C-O-CELL cell - OH 



HC — C— O— CELL 



H 2 C-C— O-CELL 
HC— C— O-CELL 

H2 ° _C C 



heat 



cataylst 



H 2 C— COOH 

Scheme 2. Formation of ester crosslinking in cellulose via BTCA. 
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Formation of Peroxyacids (peroxy carboxylic acids) on Cellulose and 
Subsequent Biocidal Properties 



[0064] Carboxylic acids are known to react with hydrogen peroxide (H2O2) in the 
presence of an acid to form peroxyacid {e.g. peroxycarboxylic acids) structures in the 
following manner (Swern 1970, Ogata 1971): 
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[0065] Similarly, when subjected to peroxide moieties, the unreacted or "free" acids on, 
for example, cellulose, can be converted into peroxyacid structures. 




oxygen bleach 



kill bacteria 




Scheme 3 The conversion of unreacted acids on cellulose into peroxyacid structure and 
the subsequent biocidal activity. 
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[0066] The present invention encompasses the incorporation of polycarboxylic acids 
onto fibers (e.g., cellulose), and its subsequent conversion into peroxyacid (e.g. peroxy 
carboxylic acids) structures via a peroxide moiety for use as an antimicrobial material, 
fiber or article. A common source of peroxide moieties for such conversion is oxygen 
5 bleach. Once impregnated with peroxyacid moieties, this material possesses oxidative 
potential that can inactivate, kill or reduce the number of microorganisms. Since 
covalently bonded polycarboxylic acid and fibers are not affected by such conversion nor 
laundering in water, the biocidal system can be regenerated (Scheme 3). 

10 VI. Concentrations 

[0067] Those of skill in the art will readily appreciate that the concentration of the 
various components of the aqueous treating solution can be widely varied depending upon 
the particular components employed and the results desired. Typically, the 

15 polycarboxylic acid in the aqueous treating solution is present at a concentration of at 
least about 0.2 to about 30%. More typically, the polycarboxylic acid is present at a 
concentration ranging from about 0.2% to about 20%, more preferably at a concentration 
ranging from about 0.5% to about 10% and, more preferably at a concentration ranging 
from about 4% to about 8%. It will be readily apparent to those of skill in the art that 

20 higher polycarboxylic acid concentrations (e.g., 50%) can be employed, but such higher 
concentrations are not required to impart microbiocidal activity. Again, suitable 
microbiocidal activity can be imparted using a polycarboxylic acid concentration as low 
as about 0.2%. The wetting agent is typically present at a concentration ranging from 
about 0.1% to about 3% and, more preferably, at a concentration ranging from about 

25 0.2% to about 1%. The concentration of the catalyst employed will depend on the 

concentration of the polycarboxylic acid employed. Typically, the ratio of polycarboxylic 
acid to catalyst present will range from about 10:1 to about 5:1. The pH of the aqueous 
treating solution will typically range from a pH of about 2 to about 6 and, more 
preferably, from a pH of about 2.5 to about 4.5. 

30 

VII. Additives 

[0068] Those of skill in the art will readily appreciate that other additives can be 
incorporated into the aqueous treating solution to impart favorable characteristics to the 
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fiber {e.g., cellulosic, cellulosic/polyester or polyester fiber). Such additives can include, 
but are not limited to, softeners and waterproofing agents, which are known to and used 
by those of skill in the art. Examples of softeners which can be added to the aqueous 
treating solution include, but are not limited to, MYKON^ and SEQUASOFT®, both of 
5 which are commercially available from Sequal Chemical Inc. (Chester, SC). Examples of 
waterproofing agents which can be added to the aqueous treating solution include, but are 
not limited to, SEQUAPEL® (Sequal Chemical Inc., Chester, SC), SCOTCHGARD (3M, 
St. Paul, MN) and other water repellent finishing solutions used by those of skill in the 
art. 

10 

VIII. Methods 

[0069] The present invention also provides a process for preparing an antimicrobial 
fiber, the process comprising: (a) immersing a fiber in an aqueous treating solution 
comprising an organic acid; and (b) treating the fiber with an oxidizing agent to produce a 

1 5 percarboxylic acid function, thereby preparing an antimicrobial fiber. In a preferred 
embodiment, the organic acid has at least two carboxylic acid functionalities. 
[0070] In carrying out step (a), the fiber used can be, for example, roving, yarn or fabric 
regardless of whether spun, knit, or woven, or may be nonwoven sheets or webs. 
Moreover, the fiber can be made of cellulosic fibers, polyester fibers or blends of these. 

20 In addition, other polymer materials having reactive functional groups {e.g., -OH groups) 
can be used. Such polymer materials include, but are not limited to, polyvinyl alcohol 
(PVA), chitin, chitosan, starches and proteins. In wetting the fiber in the finishing or 
treating bath, ordinary fiber equipment and methods suitable for batchwise or continuous 
passage of roving, yarns or fabrics through an aqueous solution may be used, at any speed 

25 permitting thorough and uniform wetting of the fiber. 

[0071] The excess aqueous treating solution is removed by ordinary mechanical 
methods such as by passing the fiber between squeeze rolls, by centrifugation, by 
draining or by padding. In a preferred embodiment, the excess aqueous treating solution 
is removed by padding. 

30 [0072] The fiber {e.g., cellulosic, cellulosic/polyester or polyester fiber) is dried at a 
temperature ranging from about 50°C to about 90°C and, more preferably, at a 
temperature ranging from about 75°C to about 85°C for a period of time ranging from 
about 3 to about 8 minutes and, more preferably, for about 5 minutes. 
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[0073] After drying, the dried fiber {e.g., cellulosic, cellulosic/polyester or polyester 
fiber) is cured at a temperature ranging from about 120°C to about 180°C and, more 
preferably, at a temperature ranging from about 160°C to about 180°C for a period of 
time ranging from about 0.5 to about 5 minutes and, more preferably, for about 1.5 
5 minutes. The heating can be carried out in an oven, preferably one having a forced draft 
of air directed at the surface of the fiber and exhausting through a vent to remove fumes. 
[0074] After curing, the dried fiber (e.g., cellulosic, cellulosic/polyester or polyester 
fiber) is washed. Machine washing of the treated fiber is done at a temperature ranging 
from about 40°C to about 60°C and, more preferably, at a temperature about 50°C for a 
10 period of time ranging from about 10 to about 40 minutes and, more preferably, for about 
30 minutes. The covalent bonds formed are stable, insoluble, and durable to the 
mechanical agitation, spraying and rubbing that occurs in washing machines or in large 
scale continuous or batchwise fiber washing equipment. 

[0075] Final drying can be carried out by air-drying at constant temperature and 
15 humidity. A drying temperature of about 21°C at about 65% relative humidity for about 
at least 24 hours is particularly preferred. 

[0076] In yet another embodiment, the present invention provides a composition for 
finishing a fiber, the composition comprising a wetting agent; and a polycarboxylic acid. 
In a preferred embodiment, the composition further includes a catalyst. In an even more 

20 preferred embodiment, the composition further includes additives {e.g., softeners and 
waterproofing agents) to impart favorable characteristics. The discussions pertaining to 
the polycarboxylic acids, wetting agents, catalysts, additives and their various 
concentrations are fully applicable to this composition and, thus, such discussions will not 
be repeated again. The pH of the aqueous treating solution will typically range from a pH 

25 of about 2 to about 6 and, more preferably, from a pH of about 2.5 to about 4.5. Those of 
skill in the art will readily appreciate that the above composition can be prepared in a 
concentrated form or, alternatively, in a form suitable for immediate use, i.e., at 
appropriate reagent concentrations. 

[0077] Considering both antibacterial and mechanical properties of the finished fiber 
30 prepared using the methods and compositions set forth herein, those of skill will readily 
appreciate that such a finished fiber, textile and the like can advantageously be used in the 
preparation of the following articles: surgeon's gowns, caps, masks, surgical cover, 
patient drapes, carpeting, bedding materials, underwear, socks, uniforms, bandages, 
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wound agents, burn bandages, etc. Those of skill in the art will readily appreciate that the 
finished fibers of the present invention can also advantageously be used for a variety of 
other purposes, such as in hotel-use towels, bedding materials, hygienic products, in 
various clothing to protect against pesticides and other toxic chemicals, etc. 

5 

IX. Applications 

[0078] There are various applications for the microbicidal fibers of the present 
invention. For instance, the microbicidal fibers can provide biocidal protective clothing 

10 to personnel in the medical area as well as in the related healthcare and hygiene area. The 
regenerable and reusable biocidal materials can replace currently used disposable, 
nonwoven fabrics as medical fibers, thereby significantly reducing hospital maintenance 
costs and disposal fees. The microbicidal properties of the fibers of the present invention 
can be advantageously used for women's wear, underwear, socks, and other hygienic 

15 purposes. In addition, the microbicidal properties can be imparted to carpeting materials 
to create odor-free and germ-free carpets. Furthermore, the microbicidal fibers of the 
present invention are useful as a first line defense against biological warfare. Moreover, 
all germ-free environments, such as required in biotechnology and pharmaceutical 
industry, would benefit from the use of the microbicidal fibers of the present invention to 

20 prevent any contamination from air, liquid, and solid media. 

[0079] The invention will be described in greater detail by way of specific examples. 
The following examples are offered for illustrative purposes, and are intended neither to 
limit or define the invention in any manner. 

25 X. EXAMPLES 

Example 1: Formation of Peroxide Moieties on Cellulose under Acidic Condition: 
Hydrogen Peroxide as a Bleaching Agent 

30 [0080] This Example illustrates the amount of peroxyacid moieties (a peroxy 

carboxylic acid functional group) on a modified fiber via chemical titration as well as 
observation of biocidal activities. 
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1. Materials 



[0081] Cotton fabrics were selected in this study. These fabrics were bleached, desized 
cotton print cloth (#400) purchased from Testfabrics, Inc., West Pittston, PA. 1,2,3,4- 
5 butanetetracarboxylic acid (BTCA), hydrogen peroxide (30%), sulfuric acid and all other 
reagents were purchased from Fisher Scientific, Pittsburgh, PA or VWR Scientific, South 
Plainfield, NJ. 

2. Methods 

10 

[0082] Cotton fabrics were treated in a regular wet finishing process, ue. pad-dry-cure 
method, with a two-dip-two-nip process with a concentration of 6% BTCA. Wet pick-up 
average to 118%. The treated fabrics were dried at 80°C for 5 min. and cured at 175°C 
for 1.5 min. After which, the fabrics were machine-washed at 50°C for 30 min. The 

15 fabrics were then air-dried at constant temperature and humidity (21°C, 65% relative 
humidity) for at least 24 hours. These finished fabrics were then treated with hydrogen 
peroxide in various concentrations at various temperatures and treatment duration using a 
50:1 liquor ratio. The pH of all treatment baths was adjusted to pH 3-4 using 1.5N 
sulfuric acid solution. The treated fabrics were thoroughly rinsed and then, air-dried and 

20 stored at standard condition prior to further testing, analysis and characterization. 
[0083] Structures of the modified fabrics were analyzed with an infrared 
spectrophotometer (Nicolet Magna IR-560). All of the spectra were generated by an 
absorbance method from sample pellets containing potassium bromide as a reference. 
Samples of 0.0030 g in weight were mixed with 0.200 g of KBr. Each spectrum was 

25 based on 120 scans with a resolution of 4.0 cm' 1 . 

[0084] Quantitative analysis of the percentage available oxygen on the modified 
cellulose was carried out by way of chemical titration of these modified fabrics, following 
the American Association of Fiber Chemists and Colorists (AATCC) standard test 
method 172, section 12-18 (AATCC 1997). Three-gram treated and untreated samples 

30 were used in such titration. Prior to titration, all samples were ground into fine powder 

form in a small laboratory mill (Arthur Thomas Scientific, Philadelphia, PA). Each finely 
ground sample was acidified by using a mixture of 100 mL 1 .5N sulfuric acid, and then, 
mixed with 15 mL potassium iodide solution and 10 mL dichloromethane in the dark for 
15 min. This mixture was then titrated without any incident light using 0.005N sodium 
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thiosulfate; 5% starch solution was used as an indicator. Under acidic condition during 
such chemical titration, oxygen species such as peroxyacids are capable of oxidizing 
iodide ion from the potassium iodide solution to free iodine which is indicated by a 
change in color in starch solution. The amount of oxidized iodide ion is titrated by using 
5 sodium thiosulfate solution. The percentage available oxygen of each sample was 

calculated using equation (3.3) according to the standard method. All titration analyses 
were carried out with at least three repetitive samples at any condition. 

mL Na 2 S 2 0 3 X normality of Na 2 S 2 0 3 X 0.8 

% Available Oxygen = (3 3) 

weight of sample in g 

10 [0085] Biocidal properties of the modified fabrics were quantitatively evaluated against 
the microorganism, Escherichia coli (American Type Cell Culture #15597) according to 
the AATCC standard test method 100. All tests were carried out using at least three 
repetitive samples at any condition. 

15 3. Results 

Chemical finishing of fabrics 

[0086] The average percentage wet pick-up and add-on for this 6% BTCA (w/v) 
finishing were 118% and 5.9% respectively. 
Quantitative analysis of the peroxyacid structure 

20 [0087] The chemical conversion of free acids into peroxyacids (peroxycarboxylic acid 
functional groups) on BTCA-treated cellulose was carried out by the introduction of 
oxygen species from hydrogen peroxide. Since neither cellulose nor the treated BTCA 
itself possesses any active oxygen species, only the fabrics that were successfully 
converted to peroxyacid structures would be capable of oxidizing iodide ion (from the 

25 potassium iodide solution) to free iodine under acidic condition in this titration method. 
Free iodine is identified by the appearance of a deep purplish-blue color in the presence 
of starch solution. This means that only samples containing peroxyacid structures would 
turn purplish-blue after starch solution is added. 

[0088] In this analysis, all BTCA-treated samples that were modified with hydrogen 
30 peroxide showed a purplish-blue color in varying intensities. In order to confirm this 
observation, BTCA-treated, but not bleached, cotton as well as untreated cotton fabrics, 
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were also tested as control samples. The results showed that both types of control 
samples did not yield any color change during such titration. 

[0089] The concentration of hydrogen peroxide relates to the percentage available 
oxygen on the modified fabrics (Figure 1). As the concentration of hydrogen peroxide 
5 was increased, the titrated percentage available oxygen also increased at both 

temperatures. This increase is particularly pronounced with samples treated at 60°C. 
Samples that were treated with the highest concentration of hydrogen peroxide (10%) 
showed the highest percentage available oxygen at both temperatures and at all treatment 
times. 

10 [0090] The dissociation of hydrogen peroxide has been widely described. One resultant 
of this dissociation is perhydroxyl anion, which is directly related to effective bleaching. 
The formation or concentration of perhydroxyl anion during such dissociation is found to 
increase with rising temperature of the solution. 

[0091] When the BTCA-treated cellulose was modified by hydrogen peroxide, 
1 5 increased concentration of hydrogen peroxide in the treatment solution yields an increase 
in the concentration of perhydroxyl moiety formed, which then reacts with the free acids 
on the treated cellulose to form peroxyacid moieties. Since these peroxyacid moieties 
contain at least one active oxygen, increased concentration of perhydroxyl moiety 
resulted in the increased formation of peroxyacid moieties on cellulose which then, 
20 increased the oxidative potential, reflected by the increased percentage available oxygen 
from the chemical titration. 

[0092] Similarly, since the formation of perhydroxyl moiety is dependent on rising 
temperature, the increase in treatment temperature of sodium perborate on BTCA-treated 
cellulose leads to an increase in peroxyacid formation, which eventually causes the 
25 increase in percentage available oxygen on the modified fabrics. It is evident that 

samples treated at higher treatment temperature invariably yielded improved oxidative 
potential at all concentration levels (Figure 1). 

[0093] Since hydrogen peroxide decomposes above 65°C, its dissociation in the 
formation of perhydroxyl moiety would be very rapid near this temperature. 
30 Consequently, at the treatment temperature of 60°C, the percentage available oxygen has 
shown to be superior to the other samples treated at lower temperatures because the 
formation of perhydroxyl moiety occurred rapidly, leading to the subsequent rapid 
conversion of peroxyacid moieties on cellulose. 



18 



[0094] The effect of treatment duration of hydrogen peroxide on BTCA-treated 
cellulose was also examined. Since the formation of peroxyacid moieties on cellulose is 
related to the reaction of hydrogen peroxide and the free acids on cellulose, the duration 
in which the two were allowed to react could affect the formation of peroxyacids. Results 
show that extended treatment time improved the percentage available oxygen at all 
concentrations (Figure 1). The difference is most remarkable for samples treated with 
10% hydrogen peroxide for 90 min. at 60°C. The conversion of the free acids into 
peroxyacids is likely to be kinetically driven as the extension of reaction time resulted in 
relatively higher percentage available oxygen. 

[0095] Although treatment time appears to affect the formation of peroxyacid moieties 
on cellulose and the subsequent relative oxidative potential, treatment concentration has 
shown to be a more dominant factor. However, as the treatment concentration was 
increased to 10%, the percentage available oxygen increased drastically, especially for 
those samples treated at 60°C (Figure 1). 

[0096] Scheme 4 depicts one mechanism for the acid catalyzed reaction of hydrogen 
peroxide on the BTCA-treated cellulose. First, one of the esters of the BTCA linker is 
protonated under acidic conditions which leads to the nucleophilic attack of hydrogen 
peroxide. This addition converts the carbonyl carbon from a triagonal planar structure to 
a tetrahedral intermediate (sp 2 to sp 3 hybridization). In order to drive the equilibrium 
forward, a hydrogen transfer takes place. This step sets the stage for peroxyacid 
formation. The addition of a pair of electrons followed by the elimination of water 
regenerates the carbonyl carbon. Finally, neutralization of the crosslinking agent leads to 
the peroxyacid functionality. 
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Scheme 4. Formation of peroxyacid on BTCA-treated cellulose under acidic condition. 



5 [0097] Since BTCA has four carboxylic acids in its structure and its crosslinking with 
cellulose always leave at least one or more free acids, in certain aspects of the formation 
of peroxyacid is dependent on the amount of perhydroxyl moiety available in the 
treatment solution. Hence, hydrogen peroxide concentration plays a dominant role in the 
oxidative potential analysis of the treated fabrics. Also, this reaction appears to be 
10 kinetically driven as the extension of treatment time allows for enhanced oxidative 
potential. 

Biocidal properties of BTCA-treated cellulose modified with hydrogen peroxide 
[0098] From the results of the chemical titration analysis, the BTCA-treated cellulose 
1 5 treated with hydrogen peroxide exhibited some levels of oxidative properties. Therefore, 
this modified cellulose will demonstrate a certain level of biocidal property. The biocidal 
properties of these fabrics against microorganisms were therefore examined under various 
treatment conditions. 

[0099] Similar to the observation made from the chemical titration analysis, the 
20 percentage reduction of Escherichia coli increased as the treatment concentration was 

increased (Figure 2). This is particularly evident as the samples treated with the highest 
hydrogen peroxide concentration yielded the most biocidal efficacy even at a shorter 
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treatment time (10 min.). Samples that were treated with 5% hydrogen peroxide for a 
prolonged 90 min. offered comparative biocidal efficacy to those treated with 10% 
hydrogen peroxide for 10 min. Hydrogen peroxide concentration remains a dominant 
factor in attaining biocidal properties on these modified fabrics. 

5 

FT-IR analysis 

[0100] The FT-IR analysis of 6% BTCA-treated cellulose treated with hydrogen 
peroxide showed that as the concentration was increased from 1% to 10%, the intensities 
of the respective ester bands at 1727 cm" 1 remained unchanged (Figure 3). This indicates 
10 that the ester crosslinkages in between BTCA and cellulose were not damaged by the 
additional bleaching procedure, neither were they affected by bleaching conditions such 
as concentration, temperature and treatment time. This further substantiates that the 
reaction is reversible and regenerable. 

15 Correlation between available oxygen and biocidal properties 

[0101] The biocidal properties of the modified cellulose are closely related to the 
amount of active oxygen on the fabric. As shown in Figure 4, in order to attain over 70% 
reduction of Escherichia coli, the percentage available oxygen on the modified fabrics 
needed to be at least 0.004% (5% hydrogen peroxide). Chemical titration is indicative in 

20 determining the level of oxidative potential and formation of peroxyacid moieites on 
cellulose. 

Example 2: Formation of Peroxide Moieties on Cellulose under Basic Condition; 
Sodium Perborate as a Bleaching Agent 

25 1. Materials 

[0102] Cotton fabrics were selected in this study. These fabrics were bleached, desized 
cotton print cloth (#400) purchased from Testfabrics, Inc., West Pittston, PA. 1,2,3,4- 
butanetetracarboxylic acid (BTCA), sodium perborate tetrahydrate, NaB03»4H20 
(Figure 5) and sodium silicate (SS, 27%) were purchased from Aldrich Chemical 
30 Company, Milwaukee, WI. All other reagents were purchased from Fisher Scientific, 
Pittsburgh, PA or VWR Scientific, South Plainfield, NJ. 

2. Methods 
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[0103] Cotton fabrics were treated in a regular wet finishing process, i.e. pad-dry-cure 
method, with a two-dip-two-nip process at a concentration of 6% BTCA. Wet pick-up 
average to 125%. The treated fabrics were dried at 80°C for 5 min. and cured at 175°C for 
1.5 min. After which, the fabrics were machine- washed at 50°C for 30 min. The fabrics 
5 were then air-dried at the standard condition of 21°C, 65% relative humidity for at least 
24 hours. These finished fabrics were then treated with sodium perborate in various 
concentrations, temperatures and treatment duration using a 50: 1 liquor ratio at pH 10-11. 
A common oxygen bleach stabilizer, sodium silicate was also used. These treated fabrics 
were rinsed in distilled water several times and then, air-dried and stored at standard 

10 condition prior to further testing, analysis and characterization. 

[0104] Structures of the modified fabrics were analyzed by using a FT-IR 
spectrophotometer (Nicolet Magna IR-560). All of the spectra were generated by an 
absorbance mode from sample pellets containing potassium bromide as a reference. 
Samples of 0.0030 g in weight were mixed with 0.200 g of KBr. Each spectrum was 

15 based on 120 scans with a resolution of 4.0 cm" 1 . 

[0105] Quantitative analysis of the percentage available oxygen on the modified 
cellulose was carried out by way of chemical titration of these modified fabrics, following 
the American Association of Fiber Chemists and Colorists (AATCC) standard test 
method 172, section 12-18 (AATCC 1997). Three-gram treated and untreated samples 

20 were used in such titration. Prior to titration, all samples were ground into fine powder 

form in a small laboratory mill (Arthur Thomas Scientific, Philadelphia, PA). Each finely 
ground sample was acidified by using a mixture of 100 mL 1.5N sulfuric acid, 15 mL 
potassium iodide solution and 10 mL dichloromethane in the dark for 15 min. This 
mixture was then titrated in the dark, using 0.005N sodium thiosulfate with 5% starch 

25 solution as an indicator. The percentage available oxygen of each sample was calculated 
from equation (3.3) according to the standard method All titration analysis was carried 
out using at least three repetitive samples at any condition. 

[0106] Biocidal properties of the modified fabrics were quantitatively evaluated against 
the microorganism, Escherichia coli (American Type Cell Culture #15597) according to 
30 AATCC standard test method 100. All tests were carried out using at least three 

repetitive samples at any condition. Repeated laundering tests were also carried out in a 
Launder-O-Meter® (Atlas Electric Devices, Co., Chicago, IL) at room temperature by 
following AATCC standard test method 124. 
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3. Results 

Chemical finishing of fabrics 

[0107] The average percentage wet pick-up and add-on for this 6% BTCA (w/v) 
finishing were 125% and 5.9% respectively. 

Quantitative analysis of the peroxvacid structure 

[0108] Sodium perborate concentration was found to be related to the percentage 
available oxygen on the modified fabrics (Figure 6). As the concentration of sodium 
perborate was increased, the titrated percentage available oxygen also increased. 
[0109] Increased concentration of sodium perborate in the treatment solution increases 
the amount of perhydroxyl anions formed, which then increases the formation of 
peroxyacid moieties. Thus, increased concentration of perhydroxyl anions resulted in the 
increased formation of peroxyacid moieties, which increased the oxidative potential. This 
is indicated by the increase in percentage available oxygen from the chemical titration. 
[0110] As mentioned before, sodium perborate liberates hydrogen peroxide in aqueous 
solution. The dissociation of hydrogen peroxide has been widely described according to 
equation (4.2): 

H 2 Q 2 H + + OOH " (4.2) 



[0111] One resultant of this dissociation is perhydroxyl anion, which is believed to be 
directly related to effective bleaching. The formation or concentration of perhydroxyl 
anion during such dissociation is found to increase with rising temperature as well as pH 
of the solution. Although the formation of oxidative species or peroxyacids on the treated 
cellulose seemingly occurred as previously discussed, via the reaction of perhydroxyl 
anions and free acids, this formation is unlikely to have proceeded in such a fashion due 
to the change in pH of the treatment bath. Under alkaline condition, the BTCA-esterified 
cellulose could undergo hydrolysis (Scheme 5). 
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Scheme 5. Hydrolysis of ester. 

[0112] Similarly, the perhydroxyl anion from the sodium perborate solution can act as a 
nucleophile, attacking the ester bond in between BTCA and cellulose, making cellulose as 
a good leaving group, thus, forming peroxyacid acid yet cleaving off one crosslink 
(Scheme 6). 



Scheme 6. Formation of peroxyacid and subsequent hydrolysis of the esterified cellulose. 

[0113] This mechanism is also in agreement with the perhydrolysis reaction of bleach 
activators such as tetraacetylethylenediamine (TAED) and sodium 
nonanoyloxybenzenesulphonate (NOBS) in the generation of peroxyacid during 
bleaching. The rate of such perhydrolysis was found to be directly related to the leaving 
group. More facile leaving groups have shown to increase the rate of perhydrolysis 
(Grime 1990). 

[0114] Due to the fact that polycarboxylic acids contain more than one carboxyl group, 
they have a tendency to form multiple crosslinkages; often, resulting in a network of 
crosslinking. In the case of BTCA, due to the fact that it contains four carboxylic groups, 
efficient triplicate crosslinking with cellulose, i.e. the formation of three ester linkages 
can be attained (Schramm 2000). The possibilities of BTCA multiple crosslinking in 
forming two and three esters on cellulose are 83% and 17% respectively (Shank 2002). 
Consequently, after the BTCA-treated cotton is modified with sodium perborate, the 
subsequent ester hydrolysis would cleave off one crosslinkage, leaving at least one or two 
other crosslinkages with cellulose. 
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[0115] Since the formation of perhydroxyl anions is dependent on rising temperature, 
the increase in treatment temperature of sodium perborate on BTCA-treated cellulose 
contributes to the increase in peroxyacid formation, which will lead to higher percentage 
available oxygen on the modified fabrics. 
5 [01 16] Three treatment temperatures were used to mimic the three temperature 

selections in domestic washing machines: cold wash (30°C), warm wash (45°C) and hot 
wash (60°C). At all three SPB concentrations, the percentage available oxygen increased 
as the treatment temperature was raised from 30°C to 60°C (Figure 6). This increase is 
particularly substantial at the 10% SPB level. At all three concentrations, the increase in 

10 percentage oxygen is most pronounced as the temperature was increased from 30°C. 
[0117] Since hydrogen peroxide decomposes above 65 °C, its dissociation in the 
formation of perhydroxyl anions would be very rapid near this temperature. 
Consequently, at the treatment temperature of 60°C, the percentage available oxygen has 
shown to be superior to the other samples treated at lower temperatures because the 

1 5 formation of perhydroxyl anions occurred rapidly, leading to the subsequent rapid 
formation of peroxyacid moieties. Another study also reported that temperature had 
marked effects on the final brightness of the bleached product and also on the rate of 
sodium perborate consumption. An increase in temperature from 40°C to 70°C allowed 
for the reduction of bleaching time to obtain predetermined pulp brightness in bleaching; 

20 this was largely attributed to the increase in peroxide decomposition. The decomposition 
of peroxide was considered to have a first-order reaction rate in which the rate constant 
was strongly dependent on temperature. The calculated activation energy for sodium 
perborate was 44.4 kJ/mol (Varennes 1996). 

[0118] In practice, fiber bleaching using sodium perborate is performed at high 
25 temperatures under alkaline conditions based on the fact of the rapid perhydroxyl anion 
formation for effective bleaching under such conditions (Week 1989). This is usually 
conducted in the presence of sodium silicate. Sodium perborate liberates hydrogen 
peroxide in aqueous solution. At high temperature, the decomposition of hydrogen 
peroxide has been reported to accelerate. However, the use of sodium silicate helped to 
30 stabilize the hydrogen peroxide through the formation for peroxysilicates, reducing the 
rate of decomposition. 

[0119] The effect of sodium perborate treatment time on BTCA-treated cellulose was 
also examined. Since peroxyacid moieties are formed via the perhydroxyl anions, the 
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duration in which the specie is allowed to react could affect the formation of peroxyacids. 
At 45°C, samples that were treated at prolonged duration of 10 min. and 30 min. showed 
higher percentage available oxygen at all three concentration levels (Figure 7). 
[01201 Furthermore, similar trend is observed at 60°C (Figure 8). Extended treatment 
5 time improved the percentage available oxygen at all concentrations. This suggests that 
the formation of peroxyacids is likely to be thermodynamically driven as the increase in 
temperature even at lower treatment concentration resulted in relatively higher percentage 
available oxygen. 

[0121] Analogous to previous observations made from treatment concentrations and 

10 temperature, extended treatment time at a high SPB concentration (10%) and higher 
temperature (60°C), resulted in an increase in the percentage available oxygen. The 
potential amount of available perhydroxyl anions rapidly increased as the amount of 
sodium perborate was raised to 10% at an optimum temperature, resulting in an increase 
in peroxyacid formation. 

1 5 [0122] In addition to treatment concentration, temperature and time, the effect of 

surfactants was also studied Two different types of surfactants or wetting agents were 
used. Triton X-100® and Tween 80® were used as non-ionic surfactants, dodecyl sodium 
sulfate (SDS) and dibenzoic sulfonic acid (DBSA) were used as anionic surfactants. 
Overall, the use of surfactants did not show a substantial increase in the percentage 

20 available oxygen on the modified cellulose (Figure 9). Wetting agents or surfactants are 
usually added to reduce surface tension so as to enhance the effects of bleaching (Perkins 
1996). In this case, the surfactants did not dramatically affect the percentage available 
oxygen. This could be due to the fact that under alkaline condition, cellulose could 
undergo slight swelling, similar to the effect of mercerization. The incorporated BTCA 

25 on cellulose became accessible to the perhydroxyl anions resulting from the 
decomposition of sodium perborate. 

[0123] At the various sodium perborate concentrations, samples that were treated at the 
highest concentration of 10% SPB showed the highest percentage available oxygen for 
Tween-80®, SDS and DBSA. This is in agreement with the observation made earlier with 
30 the effect of treatment concentration. The increased amount of sodium perborate in the 
treatment solution provided additional amount of perhydroxyl anions, enhancing 
peroxyacid formation, and again, resulting in the increase in percentage available oxygen 
on BTCA-treated cellulose. 
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Biocidal properties of BTCA-treated cellulose modified with sodium perborate 

[0124] From the chemical titration analysis, the BTCA-treated cellulose modified with 
sodium perborate exhibited oxidative properties. The biocidal properties of these fabrics 
5 against the microorganism Escherichia coli were therefore examined under various 
treatment conditions. 

[0125] Similar to the observation made from the effect of increased sodium perborate 
concentration, the percentage reduction of Escherichia coli increased as the treatment 
concentration was increased (Figure 10). 

10 [0126] As seen earlier, treatment temperature showed to affect the percentage reduction 
of Escherichia coli on the modified cellulose. At all three concentrations, the samples 
that were treated at a higher temperature of 60°C showed superior biocidal effects than 
those treated at 45°C (Figure 10). At the highest concentration of 10%, samples that 
were treated at both temperatures exhibited the highest percentage reduction of 

15 Escherichia coli. This is consistent with the findings from the chemical titration analysis. 
An increased amount of sodium perborate present in the treatment solution generated an 
increase in perhydroxyl anions in the treatment solution, which then, led to an increase in 
peroxyacid formation. This contributed to the increase in oxidative potentials, which 
subsequently resulted in the enhanced biocidal properties of the modified cellulose. 

20 [0127] Further, prolonged treatment time resulted in improved biocidal properties of the 
modified cellulose. At 60°C, as the treatment time was extended from 5 to 10 min. at all 
three concentrations, the percentage reduction of Escherichia coli also increased (Figure 
11). This however, is least pronounced at the 10% SPB level. 

[0128] A similar trend is observed at 45°C. As the treatment time was extended from 10 
25 min. to 30 min., the percentage reduction of Escherichia coli was increased at all three 
concentration levels (Figure 12). This effect is most pronounced at the 5% SPB level. 
At the extended treatment time of 30 min., the samples modified with 5% SPB exhibited 
biocidal properties equivalent to that of those modified with 10% SPB. 
[0129] After establishing the biocidal properties of this modified cellulose, the stability 
30 of such function of the samples was examined. Modified cellulose. samples that were 
treated with 6% BTCA, 10% sodium perborate at 45°C for 30 min., were stored at 
constant temperature and humidity over at one day, one week, one month and six months 
before they were tested against Escherichia coli. Three different storage methods were 
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employed: open-air, sealed plastic bag and paper envelope. The biocidal properties of 
samples stored under all three methods decreased over time (Figure 13). The most 
substantial decrease was evident with samples stored in open-air, whereas samples stored 
in an unsealed paper envelope exhibited highest retention after one week. After which, 
5 samples that were stored in a sealed plastic bag showed highest retention over one and 
six-month periods. In comparison, open-air storage allowed for exposure to light, 
temperature and moisture, which may affect the stability of the peroxyacid structure 
formed on the modified cellulose. 

[0130] In order to investigate the durability of the function of this modified cellulose 
10 and its relative biocidal properties, a series of laundering tests were carried out. Cotton 
samples that were treated with 6% BTCA and further modified with 10% sodium 
perborate at 45°C for 30 min. were subjected to repeated laundering tests in a Launder-O- 
Meter® at room temperature. Due to the intensified impact exerted by the Launder-O- 
Meter®, each wash is equivalent to five domestic machine washes. After each wash, the 
15 samples were subjected to Escherichia coli for biocidal activities, repeated up to five 
cycles (Figure 14). 

[0131] Samples that were not laundered at all demonstrated over 99% reduction of 
Escherichia coli. This level of percentage reduction gradually decreased as the samples 
were subjected to additional washing, finally dropping to 85% after four washes. (Figure 
20 15.) 

[0132] In addition to the physical impact from laundering on the tested samples, the 
effect of sterilization may also induce further damage to these tested fabrics. After each 
cycle of anti-bacterial test, all glassware, equipment and samples were sterilized before 
subsequent use or re-treatment. Since the sterilization took place at high temperature and 
25 pressure (over 100°C, 20 psi), additional severe structural damages could be induced on 
the samples. To verify this, a series of tests comparing the effects of sterilization and the 
relative biocidal properties were conducted. 

[0133] Results show that at both 5% and 10% SPB levels, non-sterilized samples 
retained relatively higher biocidal properties compared to those that were sterilized, 
30 rebleached and re-tested (Figures 16-17). In particular, samples that were treated and re- 
treated with 10% sodium perborate maintained relatively consistent level of biocidal 
properties even after four cycles (Figure 17). In comparison, at 5% SPB, after the fourth 
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cycle, the percentage reduction of Escherichia coli of the non-sterilized samples was not 
substantially different from that of the sterilized samples (Figure 16). 

FT-IR analysis of BTCA-treated cellulose modified with sodium perborate 
5 [0134] The FT-IR analysis of 6% BTCA-treated cellulose treated with sodium 
perborate showed that as the SPB concentration was increased from 1% to 10%, the 
intensities of the respective ester bands at 1727 cm" 1 seemingly decreased (Figure 18). 
This trend is even more apparent as the treatment temperature was raised to 60°C (Figure 
19). These observations are in agreement with internal ester hydrolysis that led to the 

1 0 cleavage of the ester bond in between BTC A and cellulose. 

[0135] Repeated laundering also shows to be interrelated to the change in ester band 
intensity. Figure 20 shows that the ester band intensities gradually decreases after each 
laundering with sterilization. This is in agreement with the earlier finding that laundering 
induces physical impact in the loss of BTC A as well as the peroxyacid moieties on 

15 cellulose. Consequently, reducing the oxidative potential and biocidal effectiveness on 
the treated fabrics. On the other hand, the ester band intensities of the samples that were 
laundered repeatedly, but not sterilized, showed a less drastic change (Figure 21). The 
intensities were retained at similar levels, substantiating the earlier finding on the damage 
of sterilization has on the laundered samples and the crosslinkages. Thus, the modified 

20 properties could be retained for more cycles. 

[0136] Moreover, since the peroxyacid formation on BTCA-treated cellulose under 
alkaline condition has been observed to differ from that under acidic condition, the 
resulted chemical structures would be different also. This contrast in chemical structures 
could be seen in Figure 22. Under acidic condition, peroxyacid formation on cellulose 

25 proceeded in the presence of an acid catalyst in a nucleophilic attack; under alkaline 
condition, the reaction proceeded by way of ester hydrolysis. The loss of BTC A 
crosslinking via ester hydrolysis could be seen through the diminished ester peak at 
1727 cm" 1 . 

[0137] Since the biocidal properties of the modified cellulose are closely related to the 
30 amount of active oxygen on the fabrics, attempts in drawing the correlation between the 
two were carried out. As shown in Figure 23, at the lower treatment temperature of 
45°C, it was found that in order to attain a high percentage (over 90%) reduction of 
Escherichia coli, the percentage available oxygen on the modified fabrics had to be over 
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0.009% (10% SPB). To obtain over 70% reduction of Escherichia coli, the percentage 
available oxygen had to be at the 0.006% level (5% SPB). Below 0.006% available 
oxygen would only reduce under 40% of Escherichia coli (3% SPB). 
[0138] The correlation seems to slightly differ at the higher treatment temperature of 
5 60°C (Figure 24). Over 80% reduction of Escherichia coli was attained at 0.008% 

available oxygen level (3% SPB). To attain over 90% reduction of Escherichia coli, the 
percentage available oxygen was found to be over 0.01% (5% SPB); in order to attain 
over 99% reduction of Escherichia coli, the relative percentage available oxygen was 
found to be over 0.014% (10% SPB). Although the correlations at the two different 
10 temperatures are slightly different, it is evident that in order to attain over 95% reduction 
of Escherichia coli, the corresponding available oxygen on the modified samples has to 
be over 0.01%. This would be an indicative active oxygen level for similar modification 
approach in attaining effective biocidal properties. 
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[0140] It is understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will 
be suggested to persons skilled in the art and are to be included within the spirit and 
purview of this application and scope of the appended claims. All publications, patents, 
and patent applications cited herein are hereby incorporated by reference in their entirety 
for all purposes. 
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